The 5,10-methenyltetrahydromethanopterin cyclohydrolase of Methanobacterium thermoautotrophicum was purified 128-fold to homogeneity. The enzyme had a subunit Mr of 41,000 as indicated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. From high-performance size exclusion chromatography of the native protein, an Mr of 82,000 was determined, suggesting a dimer of identical subunits. The enzyme was inhibited by 10-formyltetrahydromethanopterin and stimulated by Mg2 . Evaluation of the reaction equilibrium indicated that the methenyl derivative was favored over 5-formyltetrahydromethanopterin, with a much higher equilibrium constant than for the analogous reaction of tetrahydrofolate derivatives. Folate derivatives did not serve as substrates for this enzyme.
SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis.
Growth of cells and extract preparation. M. thermoautotrophicum AH was grown in a 200-liter fermentor as described previously (11) . CFE was prepared from a cell slurry as described previously (12) .
Preparation of substrates. Purification of H4MPT from boiled cell extract of M. thermoautotrophicum was performed as described previously (7) . Methenyl-H4MPT was synthesized by the enzymatic oxidation of methylene-H4MPT formed by spontaneous reaction of purified H4MPT with formaldehyde (5) . Chemical synthesis of a functional derivative of methenyl-H4MPT was performed by formylation and acidification of pure H4MPT with large excesses of acetic acid and formic acid as described previously (5) . Methenyl-H4MPT and the synthetic derivative of methenyl-H4MPT were purified aerobically by reverse-phase (octadecyl) high-performance liquid chromatography by using a 10-min linear gradient of 10 to 60% methanol in 20 mM ammonium formate (pH 4.0) at a flow rate of 1.5 tnl/min. Methenyl-H4MPT eluted 11 min after injection, and the functional derivative eluted at 13 min. Pooled eluates were diluted with water and lyophilized, and the amount of methenyl-H4MPT was estimated by A335, the molar extinction coefficient being 21,600 (8) .
5-Formyl-tetrahydrofolic acid was purchased as a powder from Aldrich Chemical Co., Milwaukee, Wis. Methenyltetrahydrofolate was prepared by acidification of 5-formyltetrahydrofolate as described previously (20) .
Enzyme assays. Cyclohydrolase activity was measured in 0.5-ml stoppered quartz cuvettes (Precision Cells, Inc., Hicksville, N.Y.) capped with 13-mm gray butyl serlim vial stoppers (West Co., Phoenixville, Pa.). Assay mixtures were prepared with anoxic 100 mM bicine buffer (pH 8.2) Sepharose by a six-carbon spacer; Pierce Chemical Co., Rockford, Ill.) equilibrated in buffer A. The column was washed with 2 bed volumes of equilibration buffer and developed with a linear gradient of 0 to 1 M potassium acetate in buffer A. The fractions containing cyclohydrolase activity but not dehydrogenase activity were pooled and concentrated by ultrafiltration on a PM10 membrane filter (Amicon Corp., Lexington, Mass.). Further purification was performed by using the Pharmacia FPLC system. Samples (200 jil) of the concentrated methotrexate column eluate were loaded onto a Superose 12 10/30 column (Pharmacia) equilibrated in 2 M potassium acetate in buffer A. The eluate was monitored at 280 nm. A symmetrical peak of protein containing cyclohydrolase activity was observed and collected. Active fractions from several fractionations were pooled.
Analytical PAGE. Denaturing and nondenaturing analytical discontinuous PAGE was performed in slab gels with a pH system of 6.8 to 8.8 (17) as described previously (21) . The Coomassie brilliant blue R-250 solution described by Fairbanks et al. (9) was used to stain the proteins.
Molecular weight determinations. The relative molecular mass of the native cyclohydrolase was determined by highperformance size-exclusion chromatography (14) with a TSK SW3000 column (0.75 by 30 cm; Toyo Soda; Beckman Instruments, Inc., Fullerton, Calif.) connected to a model 501 pump (Waters Associates, Inc., Milford, Mass.) and a UV detector with a variable wavelength monitor set at 280 nm (Varian Inc.). The buffer contained 10 mM potassium phosphate (pH 7.0), 300 mM potassium acetate, and 5% (vol/vol) ethylene glycol, as modified by Rouviere et al. (21) . Back pressure was maintained below 10 kPa with a flow rate of 0.5 ml/min. Samples of the following standards (20 ,ul, 2 mg/ml) were used: blue dextran (Mr 2,000,000), bovine serum albumin (Mrs 68,000 and 136,000), ovalbumin (Mr 45,000), and lactalbumin (Mr 36,000). Cyclohydrolase (50 ,Il, 0.5 mg/ml) was detected by the assay described earlier, and its molecular size was calculated from its relative elution volume.
The subunit molecular mass of the denatured protein was determined by SDS-PAGE at 8 and 10% acrylamide (17) . The following standards were used: bovine serum albumin, ovalbumin, methylcoenzyme M methylreductase component C (Mrs: y, 38,500; P, 45,000; a, 68,000) (6), and phosphorylase b (Mr 92,500). Subunit size was determined by calculating the relative mobility of the denatured cyclohydrolase.
Equilibria of formyl isomers of H4MPT. The equilibrium of the nonenzymatic hydrolysis of methenyl-H4MPT to 10-formyl-H4MPT was investigated by measuring the initial and final A335 in a cuvette containing 8.5 nmol of 5,10-methenyl-H4MPT and 100 mM bicine buffer (pH 8.2) in a 1.0-ml volume. A similar reaction at pH 9.0 also was monitored. The cuvettes were prepared in an anaerobic chamber to prevent possible oxidation of the hydrolysis product. Equilibrium was reached after 24 h at room temperature. The equilibrium of the enzymatic hydrolysis of methenyl-H4MPT to 5-formyl-H4MPT was calculated from published results of the extent of the enzymatic reaction (5) . Because enzymatic equilibrium was reached within 30 s after the addition of enzyme, the accumulation of the nonenzymatic product was negligible and therefore not considered in the calculations. The equilibrium constant (Keq) is defined as the concentration of methenyl-H4MPT divided by the product of the formyl-H4MPT and proton concentrations. The concentration of the methenyl derivative was determined from the A335 at equilibrium, the kmax of this derivative. Concentrations of the formyl derivatives were determined from the difference in the methenyl concentration (initial minus final) at equilibrium, assuming the simple interconversion previously reported (5).
Folate derivatives as substrates for cyclohydrolase. Quartz cuvettes (1.0 ml) prepared under anoxic conditions contained either 86 nmol of 5-formyl-tetrahydrofolate in 1.0 ml I Z Protein determinations. Protein concentrations were determined by the method of Bradford (2) for elution profiles and by measuring the turbidity of samples in 20% trichloroacetic acid (16) for all other samples.
RESULTS
Purification of the 5,10-methenyl-H4MPT cyclohydrolase. The 5,10-methenyl-H4MPT cyclohydrolase was purified 128-fold (Table 1) to electrophoretic homogeneity (Fig. 1) . After ammonium sulfate treatment, the enzyme could be handled aerobically without loss of activity. In the first chromatographic step, phenyl-Sepharose (Fig. 2) , a majority of the activity eluted at a potassium acetate concentration of 350 mM. This step removed much of the methylocoenzyme M methylreductase component C from the resulting pool, as determined by native PAGE (Fig. 3, lane 3) . Formylmethanofuran:H4MPT formyltransferase activity was entirely resolved from the pool of cyclohydrolase activity and was eluted only after the column was washed with 40% ethylene glycol (Fig. 2) . Chromatography on immobilized methotrexate completely separated the methylene-H4MPT dehydrogenase activity from the cyclohydrolase (Table 1) , with the latter eluting at a concentration of 800 mM potassium acetate (Fig. 4) . The resulting preparation exhibited a twofold increase in total activity. At this stage in the purification, the preparation still contained methylreductase component C, as identified by native PAGE (Fig. 2, lane 4) and SDS-PAGE (data not shown). Small amounts of homogeneous cyclohydrolase could be obtained by passing this preparation through a Superose 12 column equilibrated in 2 M potassium acetate. High salt concentrations were required to separate the cyclohydrolase from methylreductase compo- immobilized methotrexate affinity column eluate (7 ,ug) . Open arrow corresponds to methylcoenzyme M methylreductase system component C. Closed arrow indicates the position of cyclohydrolase. nent C. In buffer A alone, the two proteins comigrated despite their large size differences.
Subunits and molecular size. SDS-PAGE of homogeneous cyclohydrolase at 8 and 10% acrylamide showed a single protein band. The relative molecular mass of the denatured enzyme was estimated as 41,000 (Fig. 5A) . Highperformance size-exclusion chromatography of the partially purified methotrexate eluate and homogeneous enzyme each yielded one active protein peak with an elution time corresponding to a relative molecular mass of the native enzyme of 82,000 (Fig. 5B) .
Equilibria of the formyl isomers. The equilibrium constants for the interconversion of the H4MPT derivatives, methenyl/10-formyl and methenyl/5-formyl, were determined over a range of pH values ( Table 2 ). The average value for the enzymatic reaction methenyl-H4MPT (20 mM) just before the addition of enzyme or the preincubation of EDTA with enzyme decreased activity to 82 and 80% of the control, respectively. When the synthetic derivative of methenyl-H4MPT served as the substrate, the addition of 20 mM magnesium acetate decreased the specific activity of the cyclohydrolase to 63% of the control. Activity of folate derivatives as substrates. No increase in the rate of hydrolysis of the methenyl derivative of tetrahydrofolic acid was detected after the addition of enzyme. 5-Formyl-tetrahydrofolate showed no cyclization, either in the absence or in the presence of enzyme, and cyclization was not stimulated by the addition of 27 nmol of ATP and 1 ,umol of Mg2+.
DISCUSSION
The 5,10-methenyl-H4MPT cyclohydrolase from M. thermoautotrophicum was purified by three chromatographic steps, including affinity chromatography on immobilized methotrexate. Through this stage of purification, the enzyme copurified with component C of the methylcoenzyme M methylreductase system. Resolution of these two proteins required gel filtration at high salt concentrations, conditions in which the presumed electrostatic interactions would be shielded and elution would depend on their respective molecular sizes. We have not yet ascertained whether this association is of physiological significance. The purified enzyme appears to exist as a dimer of identical subunits, as judged by results from SDS-PAGE, with an estimated native Mr of 82,000. In addition, the cyclohydrolase activity could be separated from both formyltransferase and dehydrogenase activities in consecutive chromatographic steps. Thus far, only two other organisms, Clostridiumformicoaceticum (3) and Acetobacterium woodii (3), have been shown to possess a monofunctional cyclohydrolase. These enzymes stand in contrast to the bifunctional enzymes of many procaryotes (4) and the trifunctional enzymes of all eucaryotes studied (19) .
The cyclohydrolase from M. thermoautotrophicum represents a unique enzyme involving an energy-independent interconversion of a 5-formyl-tetrahydropterin coenzyme and its methenyl derivative (5) . Enzymes which convert 5-formyl-tetrahydrofolate to the methenyl (10) or 10-formyl (15) derivative have been purified in other organisms, but both are ATP-utilizing reactions. The role of the 10-formyl derivative in methanogens has not been evaluated, and speculation has arisen as to its possible involvement in biosynthetic pathways (5) . The reportedly small amounts of folic acid in M. thermoautotrophicum (18) make this an attractive model for further research.
The equilibrium constants for the interconversions of the formyl isomers with methenyl-H4MPT indicate that the methenyl derivative was favored over both formyl derivatives. The equilibrium for the methenyl derivative/5-formyl derivative was much greater for H4MPT than for tetrahydrofolate, i.e., 5.4 x 107 M-1 versus 6.5 x 102 M-1, respectively (15) , and may be related to the additional methyl substituents of the pterin of H4MPT. There was, however, consistency with respect to the effect of increasing pH; the apparent Keq for both enzymes increased with pH. This phenomenon has been postulated to be a result of complicating factors, such as the possible ionization of a functional group in the molecule (1).
Contrary to other cyclohydrolases studied, Mg2' had a stimulatory effect on the activity of the methenyl-H4MPT cyclohydrolase. Whether the divalent cation is necessary for enzymatic catalysis is unclear, since activity was virtually unaffected by the presence of EDTA. Proposed mechanisms for the enzymatic hydrolysis of the folate derivative indicate the involvement of general acid-base catalysis (20) . We speculate that a chelation of the Mg2+ ion by phosphate of the phosphoglutarate moiety of H4MPT caused an increase in affinity for the substrate. This is substantiated by the inability of Mg2+ to stimulate activity when a derivative lacking the oa-hydroxyglutaryl-phosphate group served as the substrate. The inhibitory effects of Mn2+ with authentic substrate are not understood.
The 5,10-methenyl-H4MPT cyclohydrolase from M. thermoautotrophicum appears to be distinct from other cyclohydrolases so far studied. The inability of the enzyme to utilize the analagous folate derivatives as substrates and the differences in equilibrium values of the H4MPT derivatives suggest that this apparent uniqueness may be partly a reflection of the chemical differences between the two coenzymes.
